Progressive change of microfabrics of deep-sea sediments during early diagenesis was analyzed using two drill cores collected from the Sites U1305 and U1306 of the Integrated Ocean Drilling Program Expedition 303 in the Labrador Sea in the northwest Atlantic Ocean. Microfabrics were analyzed by scanning electron microscope and deduced from anisotropy of magnetic susceptibility. DiŠerent microfabrics in three layers were distinguished in both cores: Surface layer with general void ratio À2.5, subjacent layer with void ratio 2.5-1.5, and deep layer with void ratio º1.5. Microfabrics of the sediments change downward (toward deeper part), as well as magnetic susceptibility anisotropy. Microfabrics in the surface layer are non-directional and characterized by the presence of many macropores larger than 10 mm in diameter. Clay platelets in this layer are linked to each other with edge-to-edge or high-angle edge-toface (EF) contact. In the underlying layer, contact relations of clay platelets change to low angle EF type. Coarse siliciclastic fractions of this layer show horizontal preferred orientation, most probably due to overloading of the surface layer. Sizes of macropores decrease to several mm in diameter. In the lowest layer, clay platelets take horizontal preferred orientation according to further burial consolidation. Thus, the microfabrics of the sediments are developed from non-directional to preferred horizontal orientation with burial consolidation by following processes; 1) rotation of coarse grains in the layer with the void ratio À2.5 and 2) change of clay microfabrics in the layer with the void ratio º2.5.
INTRODUCTION
It is generally considered that ocean-‰oor sediments become consolidated via a reduction in pore volume and the cementation of grains to each other during early diagenesis. This is a slow process, taking several millions of years. During this process, the overall microstructure gradually changes to that of consolidated sediment, involving a reduction in the volume of void space, rotation of grains, development of a shape-preferred orientation of grains, and cementation. Some of these processes have been studied intensively; e.g., the development of a shape-preferred orientation via the rotation of the long axes of grains into the horizontal plane has been investigated by Bennett et al. (1981 Bennett et al. ( , 1991 , O'Brien and Slatt (1990) , and Kawamura and Ogawa (2004) .
Despite the eŠorts of many studies, the process of consolidation is not yet fully understood. One of the di‹cult problems in this regard is that of time, as it is not possible to undertake experiments at natural time-scales (Jones, 1994) . Several long-term creep tests have been performed in the past, including experiments on chalk for periods of several months (Johnson et al., 1989; Rhett, 1990 ; Anderson et al., 1992) and an experiment on London Clay for a period of more than 3 years (Bishop and Lovebuty, 1969) . Extrapolation of these results, in combination with the results of mathematical studies, indicates that the basal part of a very thick sedimentary column (2-3 km) requires approximately 5 million years to become fully consolidated (Jones, 1994; Jones and Addis, 1984) .
In any event, grain fabrics play an important role in the process of consolidation. The development of a grain fabric is closely related to the development of various types of anisotropies, porosity, overall density, and the shear strength of the sediment. First concept of the clay microfabrics was established by Terzaghi (1925) . He proposed a``Honeycomb structure'' model that clay minerals are linked to each other at points of contact. Lambe (1953) developed this model into a``Cardhouse structure'' model that clay minerals are linked by edgeto-edge and/or edge-to-face contact. This model has been based on ‰occulation phenomena of the clay minerals in brine water. In 1960's, direct observations of clay microfabrics using electron microscopes have been ad- vanced. Based on many studies using the electron microscopes, many types of domains were found in consolidated clayey sediments and/or mudstones as a``Turbostatic structure'' (Aylmore and Quirk, 1959), a``Book structure'' (Slone and Kell, 1966) , a``Stepped face-to-face'' (Smalley and Cabrera, 1968 ) and so on. On the other hand, wavy parallelism of clay minerals was observed in shales and natural sediments consolidated under the high pressure conditions (Bowles, 1968) . Those were thought to result from long-term consolidation of sediments mainly by vertical stress.
Ingles (1968) summarized how cardhouse structures change to book structures and preferred horizontal structures during burial consolidation. He showed that the fabric change occurs by sliding and rotation of each clay mineral. Bennett et al. (1981) veriˆed this fabric change using natural marine deltaic sediments collected from the Mississippi deep-sea fan. They concluded that the states of the clay microfabrics change as follows; single plate link at void ratio À3.0, bookhouse-like but random fabric at void ratio ¿1.5-2.5, parallelism of plates at void ratio º1.2. Recently, Kawamura and Ogawa (2004) showed clay microfabrics in pelagic clays. They suggested that the change processes of clay microfabrics during burial are closely related to clay aggregation processes associated with benthic animal activities. And they suggested that the parallelism of clay platelets in the pelagic clays develops at void ratio of smaller than ¿1.5.
Such changes in the fabric of a rock mass are initiated during burial diagenesis, prior to the in‰uence of tectonic deformation (Kawamura and Ogawa, 2004) ; accordingly, it is most important to understand the process of consolidation during early diagenesis, especially in terms of the evolution of the rock fabric.
However, consolidation of sediments takes place in long period of time (so-called age eŠect). For the study of age eŠect, pelagic/hemipelagic sediments have been studied for two reasons: (1) They are sediments of constant, very slow deposition; (2) They are massive and homogenous composed of asˆne particles as eolian dust. However, some of the pelagic/hemipelagic sediments are sensitive to paleo-climate changes, e.g., glacier/interglacier periods. Such sediments change drastically its lithology and sedimentation rate. Therefore we need to select carefully the materials for the study of burial consolidation.
This study describes the three-dimensional microfabrics of theˆne-grained hemipelagic sediments. Those were analyzed by polarized microscope and scanning electron microscope (SEM) and to clarify the anisotropy of magnetic susceptibility (hereafter AMS). The used samples are 300 m drill cores taken from the northwestern Atlantic Ocean ‰oor. Our analysis revealed a stepwise development of consolidation in greater burial depths, including a discrete change in grain-linkage patterns from edge-to-edge (EE) and edge-to-face (EF) linkage to EF and face-to-face (FF) linkage, a reduction in the volume of pore space between and within peds, and a decrease in the sizes of individual pores.
MATERIALS
During the Integrated Ocean Drilling Program (IODP) Expedition 303, three cores of Holes A, B and C were drilled up from the Site U1305 (Table 1) , and four cores of Holes A, B, C and D from the Site U1306 in the northwest Atlantic (Table 1 and Fig. 1 ). Detailed information about the IODP is shown in a following website;``http:// www.iodp-usio.org/''. The cores were combined with each other to make one complete section. The fractions of combined cores are called as U1305 (314.2 m composite depth; hereafter, mcd) and U1306 (337.0 mcd). Both cores are composed of mostly olive to brown silty clay, sporadically interbedded with detritic carbonate and turbiditic sand layers. A reddish layer is observed at 108 mcd in the Site U1305, which corresponds presumably to a methane-saturated horizon. Below this horizon, color of the silty clay changes from olive or brown to dark brown. This change implies that this layer corresponds to a diagenetic boundary. Fissility is observed in the silty clay from the depth of about 150 mcd ( Fig. 2(B) ), above which the clay is massive and bioturbated. It is undulated in shape, subparallel to the bedding plane. Intervals be- Age and void ratio of the cores were already reported in Channell et al. (2006) as below. The lowest layers of both cores are about 2.0 Ma (late Pliocene) in age, date by microfossils, so that the sedimentation rates are estimated to be 17.5 and 15.5 cm/1000 years, respectively. Both cores can be subdivided into three layers by void ratios: surface layer-1 of void ratio larger than 2.5 ranging from 0 to 100 mcd, subjacent layer-2 of void ratio between 2.5 and 1.5 at 100-200 mcd and deep layer-3 of void ratio smaller than 1.5 below about 200 mcd (Fig. 2) . These layers have diŠerent microfabrics as described below. Magnetic susceptibilities, indicating total amount of constituent magnetic mineral grains, are between 4.0× 10 -3 and 6.0×10 -3 SI throughout the cores (Fig. 2 ). Based on Tarling and Hrouda (1993) , this indicates that the constituent magnetic mineral grains in the sediments are predominantly ferrimagnetic minerals.
METHODS

Grain-size Analysis
Grain-size distribution was analyzed using a CIRAS1064 laser diŠraction grain-size analyzer (CIRAS Co. Ltd., France). About 0.1 g of wet sediment of each sample was dispersed into boiled water in a glass beaker and then left for 24 hours. It was further dispersed by an ultrasonic vibrator for 30-60 seconds just before measurements.
X-ray DiŠraction (XRD) Analysis
The XRD analysis was conducted for the fractionˆner than 2 mm in grain diameter. Specimens were mounted on a glass slide. Three slides were analyzed for each sample in this study using RIGAKU RAC-A system following the procedure by Kawamura and Ogawa (2002) : theˆrst slide sample was untreated, the next one was boiled in 6 N HCl solution for 1 h, and the last one was treated with ethylene glycol. CuKa was used under 40-kV and 15-mA conditions for the XRD measurements.
In the sample treated by HCl, a kaolinite (001) 7 Å peak could be identiˆed, instead of the ordinary double peaks of kaolinite (001) and chlorite (002) as chlorite was dissolved by this treatment. In the samples treated by ethylene glycol, the smectite (001) 12 Å peak was shifted to 15 Å in the original smectite (001). From the relative extent of peak areas, the component ratios of clay minerals were calculated following Oinuma (1968) and Aoki and Kohyama (1998) using a computer free software MacDiŠ (Petchick, 1998) .
Anisotropy of Magnetic Susceptibility (AMS)
Samples were packed in 7 cm 3 plastic cubes for AMS measurements using a KLY-4 anisotropy magnetic susceptometer (AGICO Co. Ltd., Czech) at a setting of 0.4 G.
The results are geometrically expressed by an ellipsoid with three principal axes: maximum (Kmax), intermediate (Kint), and minimum (Kmin) magnetic susceptibilities. It is generally accepted that the ellipsoid is controlled by arrangement patterns of magnetic particles in sediments (Tarling and Hrouda, 1993) . To describe the ellipsoids, following parameters (1) and (2) (Jelinek et al., 1981) were used in this study.
(1) anisotropy degree
where n1＝ln Kmax; n2＝ln Kint; n3＝ln Kmin; nm＝3 n1×n2×n3.
P? is an improved parameter of an anisotropy degree P (P＝Kmax/Kmin). If sedimentary fabrics change from nondirectional to preferred horizontal orientations during burial, P? and T increase, and the magnetic ellipsoids change from neutral to oblate shapes ( see Fig. 6 ).
SEM and Polarized Microscope Observation
Samples for SEM and microscopic observations were prepared by the freeze-drying and embedding methods (Takizawa et al., 1995) in order to avoid microfabric disturbance under the air-drying process, which could be caused by surface tension of pore water. In fact, the microfabrics ofˆne-grained sediments treated in airdrying were completely distorted, as seen in the study of the sediment from the Paciˆc (Kawamura and Ogawa, 2002) .
The freeze-drying method was conducted as follows. Firstly, pore water in the sediment was replaced by immersing the sample in ethanol and then by t-butyl alcohol for several months. Then, t-butyl alcohol in pores was quickly frozen by liquid nitrogen and sublimated in a vacuum desiccator. Thus, the samples retained the original microfabrics without any textural disruption and were best suited for SEM observation. The samples were coated by Au-Pd to obtain secondary electron images by SEM under the conditions of 15 kV and about 80 mA.
The embedding method used for thin sectioning was conducted as follows. Firstly, pore water in the sediment was replaced by immersing the sample in ethanol and then by propylene oxide for several months. Then, propylene oxide was replaced by resin (Quetol 651 of Nisshin EM Co. Ltd.). Finally, the sediments were solidiˆed under 609 C for 24 hours.
RESULTS
Grain Size Distribution and Clay Mineral Composition
The grain size distributions of the two core samples are shown in Fig. 3 . Histograms in left side show grain size distribution of the core of the Site U1305, and those in right side are that of the Site U1306. Histograms of grain size distribution show two types; bimodal type and ‰at type. The bimodal type is seen in clayey sediments with two peaks at 0.7 and 11 mm in diameter. Only two samples are of ‰at type; 1306A 1H-1W 74-76 cm and 1306A 3H-5W 74-76 cm. These samples correspond to sand layers.
The results of XRD analysis on the fractionˆner than 2 mm are shown in Fig. 4 . Clay composition diagrams of six samples analyzed by XRD are given in Fig. 5 . It can be safely concluded that the sediments at the Sites U1305 and U1306 are all composed predominantly of illite and kaolinite with small amounts of chlorite and smectite.
Anisotropy of Magnetic Susceptibility
The results of AMS analyses are shown in Fig. 2 , together with void ratios. The magnetic susceptibilities are ¿2.0×10 -3 SI in the Site U1305 and ¿4.0×10 -3 SI in the Site U1306. These values are consistent with magnetic susceptibilities of clayey sediments by Channell et al. (2006) .
P? values in both cores of the Sites U1305 and U1306 range from 1.00 to 1.1. Such large variation of the values may result from diŠerent clay microfabrics or diŠerent sedimentary structures. However calculated P? values using computer software tend to increase gradually from 1.01 to 1.04 downward, and K min inclinations increase rapidly downward from 109 ¿309to about 709 . These indicate that the magnetic susceptibility anisotropy increases with increase of burial depth, and the AMS ellipsoids become oblate, with long axes parallel to the bedding plane (representative examples on Fig. 2) .
The shape parameter T is plotted in relation to the anisotropy degree P? in Fig. 6 . As seen on these plots, the positive T values (mostly greater than 0.5) fall dominantly in oblate AMS ellipsoidˆeld, whereas negative T values extend to the prolate AMS ellipsoidˆeld (as low as -1.0). T values are close to zero in neutral ellipsoids. In shallow burial depths, the AMS ellipsoids are apt to be prolate and/or neutral in shape. It indicates non-directional orientation or slightly preferred orientation of the sedimentary grains due to probably bioturbation by benthic animals. In deep burial depths, they are oblate in shape because of burial consolidation. Thus, the AMS ellipsoids of the core samples at the Sites U1305 and U1306 change from prolate (or neutral) to oblate with increase of burial depth within 300 mcd.
SEM and Thin Section Images
The microfabrics of the studied sediments are built by coarse siliciclastic grains and aggregation ofˆne grained particles (peds) (Figs. 7 and 8) . The coarse grains include biogenic fragments and microfossils. The peds are composed mainly of clay platelets and are ellipsoidal form several mm in diameter as in the case described by Collin and McGown (1974), and others (Reynolds and Gorsline, 1992; Ogawa, 2002, 2004) . In the peds, most of the clay platelets are linked together with low-angle edge-to-face (EF) or face-to-face (FF) contacts (Fig.  7) . Large pores bigger than several mm in diameter are observed between the peds as macropores (Fig. 7) . However, Morin and Dawe (1987) failed to see such peds in clay microstructures of clayey sediments from the Labrador Sea. This is probably because they used airdrying methods when preparing samples for SEM observation, which changed the original fabrics probably due to shrinkage of the sediments.
The microfabrics of coarse grains and the contact style of clay ‰akes with the peds change downward. In the surface layer (shallower than 100 mcd), the microfabrics are characterized by non-directional disposition of coarse grains and clay ‰akes (Figs. 7(A) to (D) and 8(A) to (B) ). The size of the macropores is generally several tens mm in diameter in the surface layer from the surface to several mcd ( Fig. 7(A)-(B) ), whereas it decreases to about 1 mm in diameter below about 10 mcd (Fig. 7(C)-(D) ). The clay ‰akes are linked to each other mostly with edge-to-edge (EE) or high-angle EF contacts (Fig. 7(A)-(D) ).
In the subjacent layer (100-200 mcd), the coarse grains take the preferred horizontal orientation (Fig. 8(C) ) and the clay ‰akes are still non-directionally disposed mostly with low-angle EF and face-to-face (FF) contact (Fig.  7(E) and (F) ). Macropores are not generally observed in this layer, except for those, which are several mm in diameter. In the deep layer (deeper than 200 mcd), the grain fabrics seem to be similar to those at 100-200 mcd, but the clay microfabrics change gradually to that most of the constituent grains have strongly preferred horizontal orientation (Figs. 7(G), (H) and 8(D) ). This successive change of microfabrics is perceived in two series of microphotographs (Figs. 7(E) and 8(G) ).
DISCUSSION
From the above observations on various properties of the Labrador Ocean bottom sediments, some interesting implications on the mechanism of early diagenesis can be drawn out.
Void Ratio, Grain Size and Clay Mineral Composition
The void ratios of the core sediments of the Sites U1305 and U1306 decrease constantly from about 3.0 to about 1.0 toward deeper layer. This indicates that sediments are consolidated downward by decreasing of pore spaces. The pore space reduction induces the microfabric change as shown later.
The grain size distribution is bimodal distribution with two peaks at 0.7 and 11 mm in diameter. The two peaks correspond to the grain sizes of dominant clay particles and dominant coarse grains such as siliciclastic grains, biogenic fragments and microfossils. This was perceived already by onboard brief checking of grain size and grain component using optical microscope being smear slide observations as shown by Channell et al. (2006) .
The XRD analyses show that the constituent clay ‰akes are predominantly illite and kaolinite. This is consistent with the results by Biscaye (1965) , who showed that the sediments of the Labrador Sea bottom contain more than 50z illite, and clariˆed by XRD analyses.
Processes of Microfabric Change from the Burial Depth of 0 to 300 mcd As mentioned above, both the microfabrics and AMS change with increasing depth. Coarse constituent grains take the preferred orientation, AMS ellipsoids become more oblate, P? values increase downward. All these facts are indicative of the change of microfabrics of the constituent magnetic grains following the burial depth. Fabric of magnetic grains also changes gradually from non-directional to preferred horizontal. In the surface layer-1 (at the depth from 0 to 100 mcd), the sediments are characterized by randomly orientated fabrics, by large macropores, and predominantly EE and high-angle EF linking of clay ‰akes which are transformed into lowangle EF and FF linking in deeper layers ( Fig. 9(A) ). This change of grain linking has been described elsewhere, such as in hemipelagic clay in the Japan Trench at approximately 6000 m water depth (Nishimura et al., 1993) and in the Ryukyu Trench at approximately 6000 m water depth (Kawamura and Kawamura, 2006) , as well as in pelagic clay in the Philippine Sea (Kawamura and Ogawa, 2004) . As to the void ratio reduction, Nishimura et al. (1993) reported that the measured void ratio decreases rapidly from 4.0 to 3.0 within several tens of cm in the Japan Trench, and gave an explanation by a reduction in the diameters of large inter-ped pores (macropores), from approximately 100 mm to 20-30 mm. These observations are consistent with our consolidation model (for burial depths of several cm) that is fabric change by re-arrangement of grains. In the subjacent layer-2 (at the depth from 100 to 200 mcd), the sediments began to be consolidated and characterized by slightly advanced preferred orientation and somewhat smaller macropores (Fig. 9(B) ). P? values are from 1.04 to 1.05. This means that the development of the magnetic fabrics is almost completed within the surface layer, before about 100 mcd. Although there are no signiˆcant changes of the magnetic fabrics, void ratios of the cores decrease gradually to 2.5-1.5. It is supposed that this decrease of the void ratios is derived from the change of linking manner of the clay ‰akes from EE-EF contact to FF contact (Figs. 7(E)-(F) ). Ingles (1968) also suggested the changes from EE-EF (so-called card-house structure) into EF contacts (so-called book-house structure) of clay ‰ake fabrics as a result of the rotation and sliding of clay by burial consolidation which reduces the contact angles and pore spaces. This clay microfabric change is also known in the deltaic sediments and pelagic clays. It is also possible for the fabric to formˆssility.
In the deep layer-3 (at the depth greater than 200 mcd), the sediments are consolidated further, and are characterized by smaller macropores and appreciably preferred grain orientation (Fig. 9(C) ). The linking style of clay ‰akes changes from EF to FF contacts. The fabrics of clay ‰akes change from non-directional to preferred horizontal. The void ratios decrease from 1.5 to 1.0. However, the magnetic fabrics do not change within this layer. This means that the constituent magnetic grains are not rotated any more. The rotation of the magnetic grains was completed already in the overlying layer.
Through the burial process, the grain fabrics change as follows. In the layer-1, the sedimentary grains (probably mostly coarser grains) are re-oriented from non-directional to preferred horizontal orientations. This re-orientation of the grains can be detected by the AMS. This fabric change induces size decreasing of macropores, and also void ratio reduction. Although in deltaic sediments any fabric changes were not detected at shallow burial depth in previous studies (Bennett et al., 1981 (Bennett et al., , 1991 Kawamura and Ogawa, 2004) , similar processes might occur during burial.
After the processes in the layer-1, clay fabric change continues in the layers-2 and -3, where non-directional orientation of the clay ‰akes proceeds to preferred horizontal orientation. The predominant clay linkages also change from EF to FF contacts. With this fabric change, void ratios decrease from 2.5 to 1.0. This induces decreasing of micropores size between the clay ‰akes as shown by Kawamura and Ogawa (2004) . According to them, this clay fabric change in the deltaic sediments and the pelagic clays takes place during the time period from the void ratios À1.2 and À1.5 (Bennett et al., 1981 (Bennett et al., , 1991 Kawamura and Ogawa, 2004) . In this study, the clay fabric change was conˆned to have started probably in the layer-3 with void ratio from 1.5 to 1.0. This is consistent with the previous study results.
Thus, the microfabrics in the northwestern Atlantic bottom sediments change from non-directional to preferred horizontal orientations as in deltaic sediments and pelagic clay. 
CONCLUSIONS
The results of this study can be summarized into the following three points, 1) This study dealt with grain size distributions, clay mineral compositions, anisotropy of magnetic susceptibility (AMS) and microfabrics of the core samples of the Sites U1305 and U1306 in the northwest Atlantic collected during the IODP Expedition 303. The cores about 300 m long composed mainly of silty clay were recovered and studied. The void ratios decrease downward from about 3.0 at the top of the cores to about 1.0 at the bottom. Grain size distribution shows bimodal pattern and two peaks at 0.7 and 11 mm in diameter. The constituent clay minerals are mainly illite and kaolinite. 2) Magnetic fabrics by AMS measurements demonstrated that the AMS ellipsoids change from neutral to oblate in shape downward. P? values indicate that the anisotropy degree of the magnetic ellipsoid increases gradually from 1.01 to 1.05 when void ratio is 3.0-2.0, whereas those are constant at about 1.05 when void ratio is smaller than 2.0. 3) Microfabrics by SEM and thin section observations are characterized mainly by coarse grains and peds (aggregation of clay ‰akes). In the surface layer, where void ratio is 3.0-2.0, most of the constituent grains show non-directional fabric. The contact manners of the clay ‰akes are EE-EF type. In the subjacent layer when void ratio is 2.0-1.5, coarse grains take preferred horizontal orientation, but clay ‰akes are non-directional. Clay ‰akes are connected to each other with FF contact. In the deep layer when void ratio is smaller than 1.5, most of the constituent grains have preferred horizontal orientation. Based on the above results, a scenario of grain reorientation during burial diagenesis in the northwest Atlantic is proposed as shown in Fig. 9 .
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